Abstract -The paper presents the fundamentals of composite rightlleft-handed (CRLH) transmission lines and materials, and proposes an accurate circuit model of these structures for the design of practical applications. Three novel applications of CRLH meta-structures, developed at UCLA, are demonstrated: an arbitrary coupling-level hackward-wave coupler, a zerotb order resonator and a distributed planar negative lens.
INTRODUCTIOK
Recently, there has been significant interest for novel metamaterials, and in particular for left-handed (LH) materials, which are characterized by antiparallel-phase and group velocities [1]- [2] . The novelty of the physics related with these artificial structures may lead to revolutionary applications in optical and microwave devices and materials.
Our group at UCLA has been using a transmission line (TL) approach of metamaterials [3] , based on iionresoiimf low-loss and broad-bandwidth elements, and has introduced the concept of composite right/lefi-handed structures (CRLII) as a framework for the understanding and design of novel metamaterial applications [4] . This concept is based on the fact that any practical LH structure, which can he modeled by series C and shunt L, becomes right-handed (RH) as frequency increases due to the presence ofnatnral RH parasitic series L and shunt C. This paper will first present the fundamentals of CRLH TLs. Then it will describe how to model them.
Finally, it will demonstrate three selected applications developed at UCLA.
CRLH LWES AN0 MATERIALS
An ideal CRLH-TL is represented in Fig. 1 by its circuit model. The most appropriate model in practice is the one of Fig. la , which has the dispersion relation from which all the parameters 5, \b2 vp, Ig can be straightforwardly derived in a closed form. However, it can be easily seen that in the particular balmiced case, defined as
(2) the model ofFig. l a is equivalent to the model of where the series inductance of the stub could be neglected.
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Iv. SELECTED APPLICATIONS
A. Arbitrarily Tight Coupled-Line Coupler A novel broadband tight backward-wave directional coupler with level [7] is obtained by replacing the microstrip lines of the conventional coupled-line coupler by the CRLH line described in Fig. 3 
A. Zero'h Order Resonator
As illustrated in Fig. 2 , a CRLH structure has a dispersion relation crossing the , 8 = 0 axis at a non-zero frequency 00 given by (4). This property is exploited in the novel zeroth order resonator [S) presented here. Fig. 6 illustrates the principle of this resonator. At 00 there is no phase shift between the input and the output of the structure, since 6 =pi = 0. Therefore, the resonance is flat (uppermost case). Using a mechanical analogy, this mode looks like that of a vibrating string without fixtures (no boundaty conditions). Consequently, the resonance is indepeiident oftl~ephysical length of the strucinre, but depends only on its reactive loadings, which determine 00.
The same microstrip TL as in the coupler was used to design the resonator, which is obtained by simply opening up coupling capacitive slits at both ends of the line. It can be shown that if the line is unbalanced, in thc case of capacitive coupling (open-ended) only the shunt antiresonant C , / LL tank resonates, while in the case of inductive coupling (short-ended) it is the series resonant G / L L tank which resonates.
The unloaded Qs of the opedshorted-ended resonator can be shown to be given by where G and R represent the shunt conductance and series resistance of a lossy CRLH-TL, respectively. These Q factors are seen to be independent of the number of unit cells.
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B. Planar Distributed Negative ''Lens''
The third application deals with a 2D CRLH structure.
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